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Freezing of gait (FoG) is a brief, episodic absence or marked reduction of forward progression 
of the feet, despite the intention to walk, that is common in people with Parkinson’s disease 
(PD). We hypothesized that not only motor, but higher level cognitive and attention areas may 
be impaired in freezers. In this study, we aimed to characterize differences in cortical and 
subcortical functional connectivity specific to FoG. We examined resting state neuroimaging 
and objective measures of FoG severity and gait from 103 individuals (28 PD+FoG, 36 PD-
FoG and 39 healthy controls). Inertial sensors were used to quantify freezing severity and gait. 
Groups with and without FoG were matched on age, disease severity, cognitive status, and 
levodopa medication. MRI data was processed using surface-based registration. High-quality 
imaging data were used to characterize differences in connectivity specific to FoG using a pre-
defined set of Regions of Interest and validated using whole-brain connectivity analysis. 
Associations between functional connectivity and objective measures of FoG were determined 
via predictive modeling using hold-out cross validation. We found that connectivity between 
the left globus pallidus and left somatosensory cortex and between two brain areas in the default 
and insular/vestibular networks exhibited significant differences specific to FoG and were also 
strong and significant predictors of FoG severity. Our findings suggest that the interplay among 
motor, default and vestibular areas of the left cortex are critical in the pathology of FoG. 







Freezing of gait (FoG), the brief, episodic absence or marked reduction of forward progression 
of the feet despite the intention to walk (Nutt et al., 2011), is a disabling disorder of unknown 
etiology, with FoG events most often occurring during gait initiation or turning. FoG is 
common in people with Parkinson’s disease (PD) and  can be triggered by various factors, such 
as physical barriers, performing an additional task when walking, and anxiety (Kasper, 2015). 
This variety of contextual triggering factors suggests that not only motor, but cognitive and 
limbic networks may be impaired in FoG (Shine et al., 2013b). FoG imposes a significant 
burden on patients since, besides its dramatic negative impact on mobility, FoG often leads to 
imbalance and falls (Nonnekes et al., 2015; Snijders et al., 2016; Okuma et al., 2018). 
FoG is often hard to measure (or even observe) clinically and in the laboratory (Nonnekes et 
al., 2015; van Dijsseldonk et al., 2018; Mancini et al., 2019). In research or clinical practice, 
FoG is often assessed by a freezing of gait questionnaire (NFOG-Q) designed to identify people 
who experience FoG in the past month (yes or no) and to gauge severity by frequency and 
impact on daily life (Nieuwboer et al., 2009). More recently,  body worn sensors placed on the 
lower limbs have been used to identify gait features that are consistently associated with FOG 
(Moore et al., 2009, 2011; Mancini et al., 2019), such as trembling of the knees (Okuma, 2006; 
Moore et al., 2008) and shuffling of the feet (Jankovic, 2008). 
Previous studies characterizing brain surrogates of FoG have not resulted in consensus. Several 
groups have used neuroimaging aiming to characterize altered patterns of functional 
connectivity specific to FoG. Functional connectivity provides an indication of which 
functional neural networks work together with correlated, or anticorrelated activity, even at rest 
(Biswal et al., 1995; Fox and Raichle, 2007; Holodny, 2009; Grayson and Fair, 2017; Miranda-
Dominguez et al., 2018). Using this approach, our group found asymmetrical functional (and 
structural) connectivity between the PPN and the supplementary motor area (SMA) in people 
 
 
with PD and FoG (Fling et al., 2013, 2014). Other groups have also shown that multiple non-
motor networks including the visual, default, frontoparietal, attention and opercular networks 
are altered in FoG (Tessitore et al., 2012; Shine et al., 2013a; Canu et al., 2015; Fasano et al., 
2015; Lenka et al., 2016; Gilat et al., 2018; Maidan et al., 2019).  Case-reports of FoG in people 
without PD have found that lesions to several brain structures, including the globus pallidus 
(GP) (Fève et al., 1993; Merello et al., 2001; Krystkowiak et al., 2006), pedunculopontine 
nuclei (PPN) (Kuo et al., 2008), dorsomedial cerebellum (Fasano et al., 2017), among others, 
lead to the development of FoG.  
The abundance of disparate findings underscores the necessity for standardized neuroimaging 
methodologies. Standardization of methods to process neuroimaging data using stringent 
quality assessments (Glasser et al., 2013; Mills et al., 2018; Miranda-Dominguez et al., 2018; 
DCAN-Labs, 2019) as well as reproducible delineation of Regions of Interest (ROIs) and 
functional systems (Gordon et al., 2014), together with objective measures of FoG (Mancini et 
al., 2018, 2019), and matching groups based on disease severity might lead to more 
parsimonious and generalizable findings about the brain areas related to FoG. In this study, we 
hypothesize that FoG is associated with differences in functional connectivity between 
subcortical and cortical brain areas, including non-motor cortical areas. To test this hypothesis, 
we conducted various analyses at different spatial resolutions (whole-brain as well as ROI seed-
based analyses) in order to establish and ascertain that the identified differences in functional 
connectivity are a prominent feature in FOG. 
 
Methods 
Participants. A total of 111 participants were enrolled in the study. Eight participants did not 
have MRI data of enough quality (extremely high head movement leading to unclear definition 
of gray and white matter and unreliable BOLD data), ending up with a sample 103 participants 
 
 
of which 39 were healthy controls (Ct), 28 PD+FoG, and 36 PD-FoG. PD+FoG and PD-FoG 
had idiopathic PD clinically diagnosed by a movement disorders specialist using UK Brain 
Bank Criteria (Gibb and Lees, 1989). From those, we selected a subsample of highest data 
quality (i.e.; most stringent head movement threshold of 0.3 mm whole brain framewise 
displacement, (see motion censoring below)) for resting state data to characterize differences 
in functional connectivity specific to freezing. In an effort to match people with and without 
FoG for disease severity, we matched the remaining participants for age, MDS-UPDRS-III 
(Goetz et al., 2008), MoCA (Nasreddine et al., 2005), and LED medication (Tomlinson et al., 
2010), ending up with a sample size of 43 that contains 16 Ct, 13 PD+FoG and 14 PD-FoG.  
Reliability of findings and correlations between functional connectivity with FoG measures 
were then assessed using the larger group of lower quality data (i.e.; less stringent head 
movement threshold of 0.5 mm and not matched for severity of disease). Sample count and 
group’s scores are reported in Table 1. 
All tests were conducted in the practical ‘Off’ levodopa state, after withholding anti-
parkinsonian medication for ≥12 h. Inclusion criteria for subjects with Parkinson’s disease 
were: (1) between 50 and 90 years old, (2) no major musculoskeletal or peripheral disorders 
(other than PD) that could significantly affect their balance and gait, and (3) ability to stand 
and walk unassisted for 20 feet. Healthy, elderly adults within the same age range were 
recruited from the community. Exclusion criteria for both groups were any other neurological 
disorders or musculoskeletal impairments that interfere with gait or balance, claustrophobia, 
and inability to follow instructions. Severe tremor was another exclusion criteria to ensure good 
quality MRI. 
Participants were included in the PD+FoG group if: 1) they answered ‘yes’ to the first question 
of the NFOG-Q (Nieuwboer et al., 2009): “Have you experienced FoG in the past month?” 
after reviewing the video, OR 2) FoG was observed in the laboratory during testing.  
 
 
All subjects gave written informed consent in accordance with the Declaration of Helsinki. The 
protocol was approved by the Oregon Health & Science University, OHSU (#4131) and the 
OHSU/VAPORHCS joint IRB (#8979). These participants were part of a larger interventional 
study (Clinical Trials NCT02231073 and NCT02236286), of which we used the baseline 
session of the study. 
Procedure. Participants underwent two mornings of testing with Day-1 including 
neuroimaging (see below), and Day-2 including instrumented assessment of mobility in the 
laboratory, or vice versa. Subjects with PD were clinically rated by a trained examiner on the 
Motor Section (III) of the Movement Disorders Society Unified Parkinson’s Disease Rating 
Scale (MDS-UPDRS) (Goetz et al., 2008). Global cognition was measured with the Montreal 
Cognitive Assessment (MoCA (Nasreddine et al., 2005)), and levodopa equivalent daily 
dosage (LEDD) was calculated (Tomlinson et al., 2010). 
Mobility data collection and processing. Each participant was outfitted with 8 inertial sensors 
(APDM, Inc., Portland, OR, USA), worn on the sternum, lumbar spine, bilaterally on the wrists, 
shins, and feet. Each inertial sensor recorded tri-axial accelerations, angular velocities, and 
magnetic field at 128 Hz. However, only the FoG ratio and the Pitch angle at heel strike led to 
significant differences for each paired comparison (Ct and PD+FoG, Ct and PD-FoG, PD+FoG 
and PD-FoG) using our sample matched on age, disease severity, cognitive status, and 
levodopa medication, as shown in Table S1. Hence, we only used FoG ratio and the Mean Foot 
Strike Angle to characterize associations between functional connectivity and objective metrics 
of FoG. Those two motor tasks were measured as follows: 1) FoG task - 1-min-long turning, 
in which participants made 360° turns on the spot, alternating between clockwise and anti-
clockwise turns as fast as they could safely perform, and 2) Gait task - a self-paced, 2-minute 
walking trial, in which participants walked back and forth continuously between two lines 7.62 
m apart with 180 degree turns.  
 
 
Outcome measures of mobility. To calculate FoG severity, raw data from the antero-posterior 
accelerations of the shin was analyzed during the turning in place task following a previously 
published methodology (Mancini et al., 2017). Briefly, the power spectral density was first 
calculated for the turning trial and normalized for each subject to the area under the power 
spectral density curve. Then, a FoG ratio was calculated as the ratio between the square of the 
total power in the frequency band corresponding with FoG episodes (3–8 Hz), and the total 
power in the frequency band corresponding with locomotion (0.5–3 Hz) (Moore et al., 2008; 
Mancini et al., 2017). Higher FoG-ratio scores therefore indicate greater FoG severity (Mancini 
et al., 2017) . In addition, Mobility Lab software V2 (APDM, Inc.) was used to calculated the 
pitch angle at heel strike during the portion of steady state walking for the walking trial 
(automatically excluding turns).  
MRI data collection and processing 
MRI Data collection. Imaging data was acquired using a 3 Tesla Siemens Trio scanner with a 
12-channel head coil. T1-weighted (TR=2300 ms, TE=3.58ms, voxel size=1mm x 1mm x 
1.1mm, slices=160) and T2-weighted (TR=3200 ms, TE=497ms, voxel size=1mm3, 
slices=160) images were acquired for co-registration. Two 10-minute resting state (eyes open 
while viewing a standard crosshair) BOLD images were obtained using a gradient-echo planar 
imaging (EPI) sequence (TR=2000ms, TE=30ms, field of view=240mm, flip angle=90°, voxel 
size=3.75x3.75x3.8mm). We collected 20 minutes of resting state data in total to maximize the 
number of frames (volumes) that can be preserved after motion censoring. See Supplementary 
Materials for additional details. 
MRI data preprocessing. Data was processed using surface-based registration following an 
adapted version of the workflow pipelines from the HCP (Glasser et al., 2013; Gilat et al., 2018; 
Miranda-Dominguez et al., 2018; DCAN-Labs, 2019) (available in github at 
https://github.com/DCAN-Labs/abcd-hcp-pipeline), that includes the use of FSL (Smith et al., 
 
 
2004; Woolrich et al., 2009; Jenkinson et al., 2012), FreeSurfer (Dale et al., 1999; Fischl and 
Dale, 2000; Desikan et al., 2006), Connectome Workbench (Marcus et al., 2011)  and ANTs 
(Avants et al., 2011).  Time-courses are reported in the standard grayordinate space (Glasser et 
al., 2013), which contains 91,282 gray-ordinates (vertices and voxels) in the gray matter 
(surface and subcortical ROIs). For resting state data, after slice time correction, the BOLD 
data is corrected for field distortions and registered preliminary to the first frame using a 6 
degrees of freedom linear registration. After this initial alignment, the average frame is 
calculated and used as final reference. Next, the BOLD data is registered to this final reference 
and to the T1-weighted volume, all in one single step, by concatenating all the individual 
registrations into a single transformation matrix. See Supplementary Materials for additional 
details. 
Nuisance correction. Additional steps consisted of regressing out the whole brain, ventricle, 
white matter average signals, and displacement on the six degrees of freedom’s rigid body 
registration parameters, their derivatives and their squares. Finally, time-courses are filtered 
using a first order Butterworth band pass filter with cutting frequencies between 0.009 and 
0.080 Hz. The filter is applied in the forward and backward direction to cancel temporal delays 
(Friston et al., 2000; Fair et al., 2007, 2009, 2020; Power et al., 2013). 
Motion censoring. We discard data if a participant moves beyond “acceptable” limits (0.3 mm 
framewise displacement (FD), see (Power et al., 2012) for calculation). Removed frames are 
selected based on: 1) their total relative movement in any direction/rotation or 2) their 
proximity to discarded frames (Power et al., 2013).. The removal of frames follows the criteria 
outlined in Power 2013 (Power et al., 2013), whereby frames that exceed the movement 
threshold are excluded.  Additionally, if 2 frames are that exceed the movement threshold are 
within 5 frames of each other, the frames between them are also excluded. Only participants 
with at least 5 minutes of head movement less than 0.3 mm (Power et al., 2012, 2013; Fair et 
 
 
al., 2013) were included in the analysis. Next, we kept constant the number of frames by 
sampling randomly 5 minutes of data with a frame displacement less than 0.3 mm. Hence, 
connectivity matrices were calculated using the same amount of unbiased data for all surviving 
participants.  
ROIs and functional networks. Resulting BOLD data from each gray-ordinate were 
parcellated using a predefined functional atlas that contains 286 regions of interest (ROIs) 
grouped into 12 functional networks (Gordon et al., 2014). In this atlas, ROIs were defined by 
looking at the homogeneity of connectivity patterns of neighboring voxels using two 
independent datasets (n1=120 and n2=108). Resulting ROIs overlapped with architectonic 
maps. Functional networks were identified using a robust and validated clustering algorithm 
(community detection) (Rosvall and Bergstrom, 2008) and correspond to well-defined 
functional systems. The resulting functional networks (and ROI count) are: Auditory (Aud, 
n=24), Cingulo Opercular (CiO, n=40), Cingulo Parietal (CiP, n=5), Default (Def, n=41), 
Dorsal Attention (DoA, n=32), Fronto-Parietal (FrP, n=24), Retrosplenial Temporal (ReT, 
n=8), Somato-sensory lateral (Sml, n=38), Somato-sensory medial (SMm, n=8), Salience (Sal, 
n=4), Ventral Attention (VeA, n=23), and Visual (Vis, n=39), as shown in Figure 1. In addition 
to these functional networks, we added the subcortical segmentations derived from FreeSurfer 
to define a subcortical network (Sub, n=19 including the caudate, putamen, globus pallidus, 
accumbens and cerebellum (Fischl et al., 2002, 2004), hence we used 305 ROIs (286 cortical 
+ 19 subcortical) in total in this study. 
Functional connectivity. Functional connectivity was characterized for each participant using 
Pearson correlations. Correlation coefficients were calculated for each ROI pair using only low 
head-movement frames, keeping constant the number of frames across participants. Given 305 
ROIs, there are 46,360 unique connections, which were grouped per functional system pair, as 
 
 
shown in Figure 1. Given 13 networks there are 92 (13x(13+1)/2=91) unique functional system 
pairs (Aud-Aud, Aud-Def, etc.). 
 
Statistical analysis  
The goal of the study is to characterize differences in functional connectivity between freezers 
and nonfreezers and between people with PD and controls and to identify associations between 
imaging and objective measures of FoG. Three analyses were used: 1) repeated measures 
ANOVA to identify ROIs with differences in functional connectivity specific to FoG; 2) whole-
brain connectivity analysis based on identified ROI seeds to characterize the spatial extent of 
differences in functional connectivity between freezers and nonfreezers, not constrained by the 
delineation of ROIs and networks imposed by the functional atlas used in this study (Gordon). 
This step is needed to ensure the cortical areas found to be significant are truly represented in 
this older population and not an artifact secondary to registration problems between the atlas 
used to define brain areas and each participant’s brain. 3) predictive modeling to characterize 
associations between functional connectivity and FoG behavior. Details of each method are 
presented in the following subsections.  
Repeated measures ANOVA to identify ROIs with differences in functional connectivity 
specific to FoG.  We used a repeated measures ANOVA test to identify potential differences 
in functional connectivity among diagnostic groups at two resolutions: individual connections 
and functional systems (Kovacs-Balint et al., 2019). For this analysis, neuroimaging data are 
reported at the resolution of ROIs and functional networks, as outlined by Gordon (Gordon et 
al., 2014). The ANOVA used the variable “Diagnosis” (Ct, PD+FoG, and PD-FoG) as 
between-factor. “Connection” and ‘functional system pair” were used as repeated variables, 
i.e., within-factors. p-values were corrected for multiple comparisons using the false discovery 
 
 
rate (FDR) method and epsilon-adjusted values are used if the asymmetry assumption is not 
met, as assessed by the Mauchly’s test. Significance threshold for significance was set to 0.05.  
To identify specific functional system pairs driving differences between diagnostic groups, we 
ran 92 repeated measures ANOVA tests (one test for each functional system pair) and resulting 
p-values were corrected for multiple comparisons using the FDR method. To identify 
connections with differences between specific diagnostic groups, we ran post-hoc t-tests for 
each ROI pair where the p-values were corrected for multiple comparisons using FDR. 
Whole-brain connectivity analysis to characterize the spatial extent of cortical areas with 
differences in functional connectivity specific to FoG. To calculate differences in functional 
connectivity from a specific seed, we calculate the Pearson’s correlation coefficient between a 
seed (i.e., the left GP) and each grayordinate (n=91,282) for each participant. Next, we 
performed an ANOVA test on each grayordinate using FSL PALM (Winkler et al., 2014) to 
identify brain areas with differences among diagnostic groups and corrected for multiple 
comparisons via permutations (Smith and Nichols, 2009; Winkler et al., 2014). Results of each 
ANOVA-test were converted to Z-scores, which were then thresholded at 1.96 to determine 
putative clusters.  These clusters were contiguous brain regions where the Fisher Z > 1.96 (i.e. 
these represent the ~5% of correlation values). To correct for multiple comparisons, cluster 
sizes were then permutation-based tested with 10,000 permutations, to test where the cluster 
extent was significant, (α was set at –log p= 1.3) using the well-established threshold-free 
cluster enhancement (TFCE) method (Smith and Nichols, 2009).  
To identify the grayordinates driving the differences between diagnostic groups we ran series 
of t-tests between each diagnostic group pair and corrected p-values for multiple comparisons. 
These tests were constrained to the grayordinates belonging to the cluster identified by the 




Predictive modeling to characterize associations between functional connectivity and 
FoG behavior. We used partial least squares regression (PLSR) models to investigate whether 
behavioral outcomes of FoG severity and gait were predicted by functional connectivity. 
Outcome was predicted using PLSR (Rosipal et al., 2005; Rudolph et al., 2017, 2018) and 
goodnes of the fit is reported using out-of-sample data holding 10% of the sample for cross-
validation and repeating this approach 10,000 times. Null-hypothesis data (N=10,000) were 
created via permutations using the same steps. In this method, a linear model is fit such that 
redundancy (covariance) is minimized by calculating a new set of variables coming from the 
original predictor variables. The new set of variables was built as a linear combination of the 
original variables (Rosipal et al., 2005). 
Data availability 
Data and code will be made available via OHSU library website and GitHub, respectively. 
 
Results 
Differences in Functional Connectivity among Diagnostic Groups 
Functional connectivity was significantly different among diagnostic groups, functional system 
pairs, connections and their interactions (Table S2). Post-hoc analyses revealed that only nine 
functional system pairs (Sml and Sml, Def and SMm, SMm and Sml, Sml and Sub, SMm and 
Sub, CiO and Def, Def and DoA, Def and Sub, DoA and Vis) had differences among the three 
diagnostic groups and that only the groups Ct versus PD+FoG as well as Ct versus PD-FoG 
were significantly different (i.e.; Ct versus Parkinson’s disease). However, functional 
connectivity between networks for PD+FoG were not significantly different from PD-FoG 
(Table S3).  
 
 
Differences in Functional Connectivity between Freezers and Non-freezers 
In the absence of specific differences between PD+FoG and PD-FoG across networks, we 
looked at differences across individual connections since the previous analysis revealed a 
significant effect for this interaction (p=0.008, see Table S2). Post-hoc analyses for the 
interactions between Diagnosis and Connectivity revealed that three connections belonging to 
the motor, default and auditory/vestibular systems had significant differences in functional 
connectivity (p<0.05, corrected, as shown in Table S4) for each group pair (Ct/PD+FoG, 
Ct/PD-FoG, and PD+FoG/PD-FoG), as shown in Figure 2. The significant differences between 
PD+FoG and PD-FoG were: 1) left GP-left medial sensorimotor cortex in Brodmann area 3b 
(Gordon ROI 59); 2) default network, (Gordon ROI 154 covering partially the Brodmann areas 
46 and 8A dorsal) - left vestibular network (Gordon ROI 69 covering partially the lateral Belt 
area in the early auditory cortex and the retroinsular cortex), and 3) left GP-left lateral 
sensorimotor cortex in Brodmann areas 3a and b (Gordon ROI 38). Figure 2 indicates the 
location of each ROI and Table S4 reports the corrected p-values for the post-hoc comparisons 
for each group pair.  
For the two left GP-left motor ROI pairs, the control group had negative connectivity, whereas 
the Parkinson’s disease groups had more connectivity than the Ct group, with the PD+FoG 
group switching from negative to positive connectivity values (Figure 2 left and right plots). 
For the default-vestibular ROI pair, functional connectivity in the control group was slightly 
less than zero and the Parkinson’s disease groups had significantly larger negative connectivity 
(Figure 2 center). For all three connections, connectivity values for the PD-FoG group were 
between the values for the Ct and PD+FoG groups.  
To determine the robustness of the findings at different motion-censoring thresholds using both 
matched and unmatched data, we looked at the three connection pairs we found to be significant 
in the following subsamples (see Table 1 for further details). In all these three cases, the 
 
 
connection pairs including the left GP exhibited significant, or nearly significant, differences 
between freezers and non-freezers, as shown in Figure S1, suggesting low likelihood our 
findings are a false positive.  
 
Differences in Functional Connectivity from the Left Globus Pallidus 
As our analysis indicated that the left GP exhibit significant differences in functional 
connectivity between PD+FoG and PD-FoG and given the relevance of the GP in PD, we 
further investigated for differences in functional connectivity between the PD+FoG and PD-
FoG groups in an exploratory way that did not constrain the analysis to predefined ROIs or 
networks from the Gordon set.  For this analysis, instead of using a predefined set of ROIs, we 
calculated the correlation coefficient between the left GP and each grayordinate (n=91,282, see 
Methods) for each participant. ANOVA tests on each grayordinate found that the differences 
between groups were constrained to the bilateral motor cortex (see Figure 3 panel A).  
Mean functional connectivity between the left GP and the identified cluster in the left motor 
cortex was strongly associated with freezing status (odds ratio=71.5, CI: [5.77, 898.64], 
Fisher’s exact test p=6.88e-5), where PD+FoG exhibited positive mean correlations between 
the left GP and the identified cluster in the motor cortex (11 PD+FoG with positive correlations, 
two PD+FoG with negative correlations), while PD-FoG had negative correlations (one PD-
FoG with positive correlations, 13 PD-FoG with negative correlations). 
Post-hoc analysis revealed that PD+FoG and PD-FoG had significant differences in 
connectivity between the left GP and a few clusters in the left motor cortex (see Figure 3, panel 
D) within the somatosensory Brodmann areas 1, 2, 3a, 3b and 4, as shown in Figure 4. The 
control group had negative correlations between the left GP and the significant clusters in the 
motor cortex, whereas the PD+FoG group had positive correlations. We also found that 
 
 
connectivity values for the PD-FoG group were between the values from the Ct and PD+FoG 
groups.  
To validate laterality of the findings, we repeated this analysis using as seed the right GP. 
ANOVA analyses identified a very small cluster (43 grayordinates) in the right Brodmann area 
7 postcentral with significant differences in functional connectivity among groups. However, 
given the reduced size of the cluster, we did not further investigate.  
We also repeated this analysis using as seeds the other two ROIs with significant differences 
between groups (Gordon ROI 154 (default), and Gordon ROI 69 (left vestibular)). Results, 
however, were not significant. 
Associations between Functional Connectivity and Behavioral Measures of FoG 
and Gait  
The FoG ratio during turning and foot pitch angle at heel strike during walking (representing 
shuffling gait) were significantly different among groups (ANOVA tests, F=6.2132, p=0.0045 
for FoG index; and F=13.0294, p<1e-3 for mean foot strike angle). Post-hoc analysis revealed 
that the 3 groups had significant differences in the FoG ratio (Kolmogorov-Smirnov tests, 
Ct/PD+FoG, p<1e-3; Ct/PD-FoG, p=0.047; PD+FoG/PD-FoG, p=0.024) and also for mean 
foot strike angle (Kolmogorov-Smirnov tests, Ct/PD+FoG, p<1e-3; Ct/PD-FoG, p=2.5e-3; 
PD+FoG/PD-FoG, p=0.028). 
The FoG ratio was significantly related with functional connectivity between the left motor 
cortex and left GP, as accounted by: 1) the correlation between FoG ratio and functional 
connectivity and 2) the successful prediction of FoG ratio using functional connectivity data. 
Specifically, we found a significant correlation (Spearman correlation, R=0.46, p=2.1e-3, as 
shown in Figure 5 panel A) between the FoG index and the mean connectivity value between 
the left pallidus and the clusters in the left motor cortex with significant differences between 
PD+FoG and PD-FoG (clusters shown in Figure 3 panel D and Figure 4). Importantly, this 
 
 
correlation was not driven by differences among groups (Ct, PD+FoG and PD-FoG) as revealed 
by an analysis of covariance testing for differences in slopes for each group (F=0.48, p=0.62).  
PLSR models predicting the FoG ratio using functional connectivity rendered a very large 
effect size (Cohen d=1.50) when comparing mean absolute errors (absolute value of the 
difference between the predicted and observed FoG indices) for models trained with the proper 
FoG indices (alternative) versus using permuted data (null) as also shown in Figure 5 panel A. 
Models were trained preserving 16 components. Strength of the results did not change when 
using different number of components. 
Repeating the two analyses using the connectivity between left GP and the larger cluster in the 
motor-cortex with significant differences among the 3 groups (i.e., Figure 3 panel A) also 
showed significant associations between functional connectivity and the FoG index 
(correlations, R=0.45, p=2.4e-3, and very large effect size (d=1.98)). 
The foot pitch angle at heel strike, representing shuffling of gait, was also significantly related 
to changes in functional connectivity between the left GP and motor cortex. Specifically, foot 
angle showed a negative correlation with mean connectivity (R=-0.53, p=4e-4 with no evidence 
of differences in slopes among groups, no covariance, F=0.75, p=0.48) and large effect size 
(Cohen d=1.15) and connectivity predicted mean strike foot angle compared to null hypothesis 
data (via permutations), as shown in Figure 5 panel B. In fact, all the motor-cortex areas with 
significant differences among the three groups (Ct, PD+FoG, and PD-FoG, as shown in Figure 
3, Panel D) exhibited similar relationships between foot angle and connectivity (R=-0.50, 
p=8e-4 for correlations and very large effect size (d=1.79) for predictions).  
While our sample was matched for disease severity based on the MDS-UPDRS Part III (Table 
1), there were differences in disease duration (p=0.03) with PD+FoG mean disease duration of 
8.88 years and PD-FoG disease duration of 4.49 years. We found, however, no significant 
correlation between functional connectivity and disease duration (Spearman correlation 
 
 
coefficient R=0.27, p=0.17) and a small effect size when predicting disease duration (Cohen 
d=0.45, Figure 5 panel C). 
 
Discussion 
Results of this study support our hypothesis as FoG in people with PD is associated with 
abnormal connectivity between the left GP and the left somatosensory cortex as well as 
between regions belonging to the default mode network and the insular/vestibular network. 
Differences in functional connectivity were assessed at two different spatial resolutions: 
functional networks and whole brain connectivity from particular seeds. Results showed 
significant differences in functional connectivity between Ct and people with PD in 
sensorimotor, subcortical, visual and higher order heteromodal systems (Dorsal Attention, 
Cingular-Opercular, Default). Seed-based analysis revealed significant differences in 
functional connectivity between PD-FoG and PD+FoG for the left GP and two ROIs in the left 
somatosensory cortex and between two ROIs belonging to the default mode network and the 
insular/vestibular system. For both the left GP-left somatosensory cortex and for the default-
vestibular areas, we found significant correlations between functional connectivity and 
objective measures of FoG. In this study, importantly, we used high quality data, matched 
samples on age, disease severity, cognitive status or levodopa medication, validated differences 
in connectivity with data from sensors and obtained similar results after repeating analyses 
using data of different quality, suggesting findings are indeed generalizable. 
Functional Connectivity’s signature of Parkinson’s disease includes not only 
Motor but also Higher Order Attention Systems 
Consistent with previous studies, we found that Parkinson’s disease is associated with changes 
in brain functional connectivity that not only includes motor and subcortical nuclei, but also 
default, visual and attention systems (Fling et al., 2014; Canu et al., 2015; Fasano et al., 2015; 
 
 
Gilat et al., 2017, 2018; Gratton et al., 2018; Strafella et al., 2018).. It has been hypothesized 
that these heteromodal systems are involved in execution of automatic, habitual movements 
affected by PD (Gilat et al, 2017). Lack of motor automaticity is common in PD, as manifested 
by reduced or impaired performance of learned behaviors, such as walking (Wu and Hallett, 
2005; Wu et al., 2015; Bannard et al., 2019).  People with PD who have FoG show less 
automatic walking and turning, as suggested by larger dual-task cost, more variable stride time, 
and larger activation of prefrontal areas (Klucken et al., 2015; Maidan et al., 2015; Mancini et 
al., 2018; Stuart and Mancini, 2019). A putative strategy to compensate for lack of automaticity 
is to rely more on attentional resources and studies have showed increases in prefrontal cortical 
brain activity during movements that should be controlled automatically in PD, especially in 
those with FoG, compared to control subjects (Morris et al., 1996; Wu et al., 2015; Stuart and 
Mancini, 2019).  
Importantly, our results were obtained using all the connectivity values after grouping them by 
functional network pair. This approach, opposed to averaging connectivity values, considers 
potential heterogeneity among networks and also corrects for inflated covariance resulting from 
repeated measurements from the same individuals. 
FoG is Associated with Abnormal Functional Connectivity between the left GP 
and left Somatosensory Cortex  
We found significant differences in functional connectivity between the left GP and specific 
ROIs in the somatosensory cortex for Ct, PD+FoG and PD-FoG (Figures 2, 3, and 4). 
Specifically, mean connectivity between left GP and the left somatosensory cortex was larger 
in people with PD than Ct, and it was positive for PD+FoG but negative for PD-FoG. In fact, 
our results suggest that functional connectivity between the left GP and the somatosensory 
cortex could be a good predictor of FoG since most of the participants with FoG had positive 
functional connectivity. Furthermore, all the participants also exhibited very significant 
 
 
correlations between these brain areas and the FoG index. That is, the stronger the connectivity 
between the GP and sensorimotor cortex, the more severe the trembling of the knees associated 
with FoG while turning 360 degrees.  
It is not surprising that abnormal connectivity between the GP and sensorimotor cortex is 
associated with FoG. The GP, a key output nucleus of the basal ganglia, plays a significant role 
in modulating the force of movements and pallidal activity is larger and more synchronized in 
PD than in age-matched control subjects (Oswal et al., 2013; Wilson, 2013; Feingold et al., 
2015). Human recordings (Brown et al., 2001) as well as animal models of (Mallet et al., 2008; 
Connolly et al., 2015) have shown that such activity becomes more organized in PD with bursts 
of coherent oscillations in the beta band for cells in the pallidus (Bar-Gad et al., 2003; Wilson, 
2013) and beta activity has been associated with FoG (Toledo et al., 2014; Anidi et al., 2018). 
Functional  MRI detects changes in beta band activity (Parkes et al., 2006; Formaggio et al., 
2008). However, our imaging cannot differentiate between activity of the internus, versus 
externus, GP, affecting the direct, and indirect, pathways, respectively. Nevertheless, the effect 
of PD on increased inhibitory output of the basal ganglia on the motor thalamus, results in 
decreased thalamocortical outputs and bradykinesia (Bergman et al., 1990; DeLong and 
Wichmann, 2007). It is likely that the smaller pitch of the foot at heel strike in the PD+FoG, 
compared to the PD-FoG, reflects shuffling gait associated with bradykinesia. 
The importance of the GP in FoG is supported by studies showing that insults to the GP can 
result in FoG. FoG is sometimes an unintended consequence of deep brain stimulation when 
the electrodes are located in the GP (Schrader et al., 2011; Baizabal-Carvallo and Jankovic, 
2016). Hypoxic lesions constrained to the GP can develop FoG (as well as speech disorders, 
axial bradykinesia and postural disturbances) but no rigidity, tremor, and almost no distal 
akinesia (Fève et al., 1993; Krystkowiak et al., 2006). Bilateral pallidotomy has also been 
associated with FoG (Merello et al., 2001). It is important to note, however, that lesions to other 
 
 
sites can also lead to FoG (Nutt et al., 2011; Fasano et al., 2017), including the amygdala, 
putamen, caudate, PPN, supplementary motor area, subthalamic nucleus (Kuo et al., 2008; 
Shine et al., 2013a; Fling et al., 2014; Vercruysse et al., 2014; Canu et al., 2015; Fasano et al., 
2015; Gilat et al., 2017, 2018). 
Interestingly, we found that differences in functional connectivity between the left GP (but not 
the right GP) and the left (but not the right) sensorimotor cortex was associated with FoG. This 
pallidal laterality may be explained by the higher concentration of dopamine and choline 
acetyltransferase found in the left, compared to right GP, as characterized postmortem (Glick 
et al., 1982). Thus, the left pallidus may be more susceptible to the reduced availability of these 
neurotransmitters in PD. Interestingly, reduction in both the dopaminergic and cholinergic 
systems have been associated with FoG (Fasano et al., 2015; Bohnen et al., 2019). The 
increased functional connectivity between the left GP and the left sensorimotor cortex in 
freezers may be to compensate for the reduced neurotransmitters. We previously demonstrated 
increased laterality of functional connectivity between the PPN and SMA ROIs in freezers, 
compared to nonfreezers as a compensation for reduced structural connectivity in these 
pathways (Fling et al., 2013). 
Since the left GP is involved in processing left cortical activity, FoG may be related to impaired 
cortical control of gait from the left cortical areas. Since all of our Parkinson’s disease subjects 
were right-handed, the left, dominant hemisphere may be more critical for avoiding FoG than 
the non-dominant hemisphere. The dominant motor cortex is specialized for intentional, 
precision reaching, such as step initiation or foot placement on targets, whereas the non-
dominant motor cortex is specialized for postural holding, such as occurs in stance and in the 
single support phase of gait (Sainburg, 2014).   
 
 
FoG is also Associated with Negative Functional Connectivity in the Default and 
Vestibular Networks 
Parkinson’s disease participants had reduced functional connectivity compared to controls and 
the PD+FoG had even more negative connectivity compared to PD-FoG between the default 
and vestibular networks. The vestibular ROI (Guldin and Grüsser, 1998) includes the 
retroinsular cortex (area RI) and the lateral Belt area in the early auditory cortex , as defined 
by the parcellation schema derived from the Human Connectome Project (Glasser et al., 2016). 
Among their relevant connections are the sensory Brodmann areas 1, 2, 3a, and 3b and the 
motor area 4, superior premotor frontal eye field area (FEF), Brodmann area 6m (posterior), 
and inferior premotor area 6v as well as to other visual and insulo-opercular brain areas (Baker 
et al., 2018b). In fact, the vestibular cortex is really a multisensory integration area with inputs 
from somatosensory, visual and vestibular inputs, all critical for postural control (MacKinnon, 
2018).  The default ROI covers partially the Brodmann areas 8A (dorsal) and 46 (Glasser et 
al., 2016) and is involved in goal-oriented attention and in the orientation to auditory and visual 
cues (Baker et al., 2018a), which are also part of attentional systems (Corbetta and Shulman, 
2002; Vossel et al., 2014). This abnormal connectivity between the attention and default 
networks in PD+FoG may be consistent with the enhanced value of external auditory or visual 
cues that may direct attention on stepping given their loss of internal, automatic control of gait 
(Ginis et al., 2018). Our findings highlight the importance of multisensory integration and 
attention in FoG.  
Functional Connectivity is Associated with Objective Measures of FoG and Gait 
One of the problems in studying FoG is difficulty measuring severity of freezing since FoG 
episodes occur sporadically in daily life but inconsistently in the clinic or research facility. 
Freezing status is typically assigned by self-reports, but this is not reliable as participants don’t 
always correctly identify their gait difficulties with FoG (Nieuwboer et al., 2009). Recently, an 
 
 
objective measure of freezing severity has been developed using inertial sensor measures from 
the lower legs  (Mancini et al., 2019). This index of FoG uses a ratio of high to low frequencies 
of leg motion to quantify the relative amount of nonproductive trembling of the knees 
compared to functional gait motions (Okuma, 2006; Moore et al., 2008). Since turning in place 
is a reliable method to reveal FoG, we calculated the FoG ratio during repetitive 360 degree 
turns. We also quantified foot angle at heel strike as a measure of shuffling of gait, 
characteristic of PD, especially those with FoG.  
The PD+FoG group in our study showed significantly worse objective FoG index and smaller 
foot strike angle compared to PD-FoG. Furthermore, regardless of freezing status (i.e., group 
assignment), the FoG index and the foot strike angle values were associated with increased 
functional connectivity between the left GP and the somatosensory cortex as accounted by a) 
the correlation coefficient between each outcome and mean functional connectivity, and b) the 
ability to predict gait outcomes based on imaging. Importantly, such predictions were assessed 
using hold-out cross validation and contrasted against null-hypothesis data obtained via 
permutations. This robust approach to estimate associations between imaging and non-imaging 
data suggest that altered functional connectivity has a direct effect on severity of freezing while 
turning as well as on shuffling of gait during straight walking. 
Findings are not Driven by Disease Duration 
While not every person affected by Parkinson’s disease will develop FoG, the likelihood of 
developing this condition increases with disease duration and severity. We were able to match 
participants based on disease severity (as well as for age, MoCA and medication, as shown in 
Table 1) but not on disease duration. The low and non-significant correlation between 
functional connectivity (pallido-motor) and disease duration (Spearman correlation R=0.27, 
p=0.17) and the low predictability of disease duration based on neuroimaging suggest that our 
findings are not driven by disease duration.  
 
 
All the steps we followed might suggest that our findings are unlikely to be driven by other 
relevant factors such as registration of brain areas across participants, age, disease severity, 
disease duration, cognitive status or levodopa medication. 
Limitations 
One of the challenges when characterizing differences in functional connectivity in freezing of 
gait is that there are several clinical variables that might lead to conflicting findings. Here we 
decided to use the highest quality imaging data from participants after matching groups on 
disease severity, MoCA scores, LED medication and age, ending up with a sample of moderate 
size (n=43). While our sample was reduced, we aimed to make sure all included data met the 
highest quality standards and to minimize the risk our findings could be driven by uncontrolled 
variables. Our main result, importantly, persists even when using unmatched data (n=75) and/or 
less stringent head motion censoring cutoffs (n=81), suggesting robustness of our findings. 
Another limitation of this study is the difference in disease duration for PD+FoG and PD-FoG. 
Given the nature of FoG, most of the participants affected by this sign have had the disease for 
more time. However, the lack of association between disease duration and functional 
connectivity suggest our results are not driven by this clinical variable.  
Another limitation is that we did not have individual ROIs for the internal and external sections 
of the GP because we used the default 19 subcortical ROIs as defined by FreeSurfer. Clinical 
cases, however, have shown that lesions to the GP (internal and external) lead to FoG  (Fève 
et al., 1993; Merello et al., 2001; Krystkowiak et al., 2006). Future studies might be required 
to assess the specificity of the GPi and GPe on FoG. Similarly, the activity of the cerebellum 
in FreeSurfer is reported only by hemisphere, i.e., we only used two ROIs, one for the left and 
another for the right cerebellum. Any potential differences within the cerebellum might have 
been diluted by the average activity. Parcellating the cerebellum into several functional ROIs 





In this study, we showed that freezing of gait is associated with significant differences in 
functional connectivity between a) the left globus pallidus and the left somatosensory cortex 
and b) two brain areas located in the left default mode network and the left 
vestibular/retroinsular cortex. This lateralized differences in connectivity are also associated 
with objective metrics of freezing and shuffling of gait.  While FOG might be multifactorial 
and elusive, this study suggests that impaired lateralized connectivity from the left GP is a 
robust feature in FOG. Our findings highlight the importance of lateralized motor loops and 
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Figure 1. Parcellation schema and average connectivity matrices. A. Gordon’s parcellation 
schema (Gordon et al., 2014) color-coded by functional system and subcortical volumes from 
FreeSurfer (Fischl et al., 2002, 2004). Color-coding map also indicates the number of ROIs per 
network. B, mean connectivity matrices for the Control (Ct) group. B, PD non-freezers (PD-
FoG). C, PD freezers (PD+FoG). White lines indicate the borders between functional systems.  
Figure 2. Connections with significant differences among the freezers (Ct), nonfreezers 
(PD-FoG) and freezers (PD+FoG) groups. Top panel figure shows the location of three pairs 
of functionally connected areas (I, II and III) with significant differences in functional 
connectivity among groups on a “very-inflated” map of the left cortex. Bottom-panel figures 
show the distribution of the mean functional connectivity values for each ROI pair, color-coded 
per diagnosis (Ct, PD+FoG, PD-FoG). Circles represent the mean functional connectivity and 
the bar indicates the interquartile range. Thin lines correspond to the percentiles 2.5-97.5. 
Figure 3. Areas with significant differences in functional connectivity from the left globus 
pallidus. Top panel figures correspond to maps of significant differences in functional 
connectivity among Ct, PD+FoG and PD-FoG using as seed the left globus pallidus, as revealed 
by an ANOVA test (A) and posthoc comparisons between Ct and PD-FoG (B), Ct and PD+FoG 
(C), and PD+FoG and PD-FoG (D). Significant cluster in panel D cover partial sections of the 
Brodmann areas 1 to 4. See Figure 4 for more details. Bottom panel figures show the 
distribution of functional connectivity between the left-pallidus and the brain areas with 
significant differences (circles represent the mean functional connectivity and the bar indicates 
the interquartile range. Thin lines correspond to the percentiles 2.5-97.5). 
 
 
Figure 4. Cortical areas associated with freezing of gait. “Very inflated” and “flat map” 
projections of the cortical areas associated with freezing of gait on top of the delineation of 
regions of interest as defined by Gordon (Gordon et al., 2014) and the Human Connectome 
Project (HCP, (Glasser et al., 2016)). Black spots are the cortical areas in the somatosensory 
cortex with significant differences between PD-freezers, PD-non-freezers and controls 
identified by the seed analysis from the left globus pallidus (from Figure 3, panel D). 
Connectivity between the left globus pallidus and the areas in the sensorimotor lateral and 
medial cortex (Gordon ROIs 38 and 59, respectively (Gordon et al., 2014)) and between the 
cortical areas belonging to the Default (Gordon ROI 154) and Auditory/vestibular (Gordon 69 
(Gordon et al., 2014)) networks also exhibited significant differences between groups. Legends 
from the HCP parcellation were included for areas overlapping the significant Gordon areas 
identified as relevant to FoG: Brodmann areas 1, 2, 3a, 3b, 4, 8A (dorsal), 46, lateral Belt area 
in the early auditory cortex and the retroinsular cortex. 
Figure 5. Associations between functional connectivity and FoG ratio, strike angle and 
disease duration. Top panel figures: scatter plots showing the FoG ratio (A), foot strike angle 
(B), and disease duration (C) versus mean connectivity values between the left globus pallidus 
and the brain clusters with significant differences between PD+FoG and PD-FoG as a function 
of FoG ratio, color-coded by diagnosis. Bottom panel figures: distribution of mean absolute 
errors (mae) when partial least squares models are used to predict out-of-sample values of FoG 
ratio, foot strike angle, and disease duration. Cohen effect size is also indicated. Notice the low 
association between imaging and disease duration (C) as accounted by the low correlation and 
the low accuracy of the models predicting disease duration where the mean absolute errors are 
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